Abstract. We present preliminary results from a three-dimensional smoothed particle hydrodynamics (SPH) simulation of an accretion disk in a low mass-ratio cataclysmic variable system representative of the SU UMa and AM CVn subclasses of dwarf novae. Using a simple ray-tracing scheme to identify "surface" particles as a function of viewing angle, we use the relative temperature distribution of these particles to estimate the particles' luminosities at a given timestep by convolving blackbody energy distributions with UB VRI filter response functions. These values are then corrected for limb-darkening and summed to produce pseudo-lightcurves and Fourier amplitude spectra which may be directly compared with observations. We find that the resulting amplitude spectra for inclination angles 45° are dominated by the superhump frequency, but that linear combination frequencies of the superhump and orbital periods begin to dominate the amplitude spectrum for systems with higher inclination angles. These preliminary calculations suggest that the observed harmonic structure of superhump light curves may provide independent constraints on SU UMa and AM CVn system inclinations.
INTRODUCTION
Dwarf novae are a subclass of the cataclysmic variable (CV) binaries showing disk outbursts of ~2 to 5 magnitudes with interoutburst timescales of weeks to years (see Warner 1995a) . These semi-detached, short period (P 0 rb<^, 2.1 h) binaries typically consist of a Roche-lobe-filling dwarf Μ star in orbit around a white dwarf. Some dwarf novae -the SU UMa stars -undergo occasional superoutbursts which are ~0.7 mag brighter and last ~5 times longer than a normal outburst. During these superoutbursts so-called super humps often develop in the photometric light curves. The superhump period Ps is observed to be a few percent longer than the orbital period, where the fractional period excess is a function of the system mass ratio q = Μ^/Μχ.
Numerical simulations of viscous accretion disks in the SU UMatype systems have shown that for 0.25, the disk material can expand to orbits where the 3:1 co-rotational resonance with the secondary excites inner Lindblad resonances in disk (Hirose L· Osaki 1990; Lubow 1991a,b; Whitehurst 1988 Whitehurst , 1994 . If <7^,0.02, the disk oscillates between roughly azimuthallysymmetrical and highly distorted radial profiles, with the symmetry axis of the eccentric disk slowly precessing in a prograde sense, taking ~25 to 100 orbits to precess 2π radians as a function of (decreasing) mass ratio. This timescale is consistent with the observed "beat period" of ~2.2 d (Warner 1995a) . Note that the superhump period is a real oscillation period, and is not merely the difference between the orbital and precession periods, as it was once considered. Finally, if 0.02, an eccentric disk forms, which is stationary in the corotating frame; evidently the 2:1 co-rotational resonance stabilizes the 3:1 mode.
The AM CVn stars are predominantly helium analogues of the SU UMa stars (Warner 1995b , Simpson k Wood 1997 . AM CVn itself (Provencal et al. 1995) and CR Boo (PG1346+082; Wood et al. 1987 , Provencal et al. 1997 ) have been observed with the Whole Earth Telescope. These stars are ultrashort-period (15<^, P or b<C, 45 min) helium mass-transferring binaries, where the secondary is thought to be the weakly-degenerate, low-mass He core of a star that evolved through a common envelope phase during which its mass was reduced below ~ O.IMq. While six of seven known AM CVn stars evidently display either the transient or permanent superhump oscillations, the system GP Com (G 61-29; Nather, Robinson & Stover 1981 , Marsh et al. 1991 ) is a helium analog of the novalike CVs: its light curve does not show coherent periodicities and its spectrum is dominated by emission lines, indicating a low masstransfer rate. Thus, although GP Com is an AM CVn type star by the fact it is a helium-mass-transfer cataclysmic variable, it is not an SU UMa star in that it does not display superhump oscillations. The long orbital period (~45 min) of this system is evidence that the mass ratio is more extreme than in other six AM CVn stars and is thus also consistent with a low mass-transfer rate. Indeed, it is likely that the mass ratio is q<; 0.02, and the disk is therefore stable (see .
In , we modeled the dynamics of the superhump instability using the method of smoothed particle hydrodynamics (SPH). To explore the harmonics of the disk oscillation, we calculated "bolometric pseudo-lightcurves" of our purely hydrodynamical disks by summing the viscosity-dominated energy production over all particles at each timestep. We found that the pulse shapes of these pseudo-lightcurves were remarkably similar to the lightcurves of superhumps in general, and of the AM CVn stars specifically. Perhaps most importantly, we found that the morphology of the mean pulse profile appears to be a useful predictor of system mass ratio.
We have recently included in our code a straightforward raytracing scheme which allows us to calculate the pseudo-light curves as a function of viewing angle. In this contribution, we discuss the preliminary results from this study. In the following section we briefly describe the numerics, the modeled system parameters and the raytracing technique. In Section 3 we present the results for a q = 0.1 system. We summarize and discuss future directions for this project in Section 4.
The NUMERICS

The SPH code
We use the SPH code described in Simpson (1995) and . Within the model the two stars are point masses in circular orbits about their center of mass which is located at the origin of the coordinate system, and all calculations are made in the inertial frame. The disks are built up by injecting particles through the inner Lagrange point L\ until the desired number of disk particles is reached. Particles captured or lost from the system are immediately replaced with a new particle at Li, and the disks are forced into a dynamical equilibrium state.
Briefly, SPH is a Lagrangian numerical fluid dynamics method first introduced by Lucy (1977) and Gingold & Monaghan (1977) . See Monaghan (1992) for a recent review. In SPH the fluid continuum is represented by a finite number of "particles" which interact pairwise over a limited smoothing length h; this can be thought of as the effective radius of the SPH particles. These particles are usually thought of as interpenetrating spherical fluid spheres, the local fluid properties of which are found by finding an average over nearby neighbors, weighted by a smoothing kernel.
In our simulations we use constant size and mass particles which interact with other nearby particles via pressure and viscous forces: self-gravity is neglected. Each particle's timestep is allowed to vary as required by local stability requirements, and the interparticle forces are time-symmetrized. The equation of state is polytropic.
We use a numerical viscosity that is non-zero only for approaching particle pairs (i.e., V · v^ < 0). Because all the energy dissipated by this artificial viscosity goes into raising the particles' internal energies and radiative cooling is not included, the simulated temperatures are too hot relative to the observations. Nevertheless, the results are qualitatively acceptable and the disk is able to reach equilibrium in a reasonable amount of computational time.
Simulation model parameters
We simulate a q = 0.1 system with model parameters similar to those inferred for the AM CVn systems: mass of primary Mi = 0.8 M©, mass of secondary M2 = 0.08 M Q , orbital separation a = 0.25 RQ, temperature of the secondary's atmosphere TM 2 = 2000K, and adiabatic index 7 = 1.01. The fluid is composed of monoatomic hydrogen. Using Kepler's third law, the orbital period is 1331.02 s. The radius of the primary is 0.03a, and the secondary M2 is assumed to fill its Roche lobe.
The disk is created by injecting 2000 particles with effective radii h = 0.01a per orbit until there are 25 000 particles in the system. The original simulation was carried out to 100 orbits. Because we are still testing the merged code which now includes the ray-tracing method and the calculation of the pseudo-UB V72/-lightcurves as a function of inclination angle, we restarted the original q = 0.1 simulation at orbit 60 with fewer (N = 10000) and larger (h = 0.015a) particles. We allowed 10 orbits for the transient effects of the restart to damp out, and then ran the simulation for a further 20 orbits. We present the analysis of orbits 70 to 90.
The normals and viewing angles
The process for obtaining pseudo-lightcurves at various inclination angles and wavelengths is described in detail in Burke, Wood & Simpson (1997) . The basic procedure is as follows:
(1) First generate a temperature vs. filter magnitude look-up table at the start of the program from which values can be interpolated as needed. Temperatures range from 5.0 χ 10 2 Κ to 1.0 χ 10 5 Κ in 500 equal log-space increments, and wavelengths range from 300 nm to 920 nm in 400 equal increments. We assume that the particles are blackbody radiators, convolve the Planck radiation law with the standard UB VRI passbands of Bessell (1990) and integrate to obtain the flux in each passband.
(2) At each timestep for which integrated fluxes are to be calculated, the particles' positions are rotated by the specified inclination angle i. Although arbitrary rotations can be made about any of the three axes, here we only consider counterclockwise rotations about the +a; axis. The coordinate system is defined such that the orbital plane coincides with the xy-plane. At integral orbital periods, the line of centers from the primary to the secondary is coincident with the +x-axis (see panel 9, Figure 1 ). The +z-axis is directed out the page.
(3) After rotating the particles positions, particles are assigned to an appropriate "sight tube" by imposing a grid over the surface of the disk. These sight tubes have square cross sections of area (0.02a) 2 and are parallel to the original +z-axis, i.e., the observer is fixed on the original -t-z-axis looking down.
(4) The particles in each sight tube are sorted by z-value. The average z-value of the three uppermost particles defines a "surface" along that sight tube. This crude but useful approximation to a proper integration to an optical depth of τ = 2/3 along the sight tube gives a reasonably deep view into the disk without going too far into the thick, high density spiral arms. Using this approximation, about 23% of the particles are visible to the observer at i = 0°, and about 2% at i = 90°.
(5) Because the artificial viscosity used in the SPH calculations results in temperatures which are unphysically high, the particles' simulated temperatures T s -im are rescaled to fit the known temperature extremes across the disk for the SU UMa systems Ζ Cha and OY Car (Home & Cook 1985; Krzemmski & Vogt 1985) . The temperatures are scaled linearly in the logarithm using the empirical formula where e = 0.6 is the scaling factor which decreases the range of temperatures and δ = 1.2 is simply a translation to move the curve to the proper region. The scaled temperature of each visible particle is then used to search the look-up table to determine the particle's contribution to the luminosity at each filter passband.
(6) The contributions of the particles within a given sight tube are corrected for limb darkening. Using the ζ values obtained in step 4, the code calculates normal vectors by taking the cross product of 2 vectors pointing to adjacent sight-tubes. Within the Eddington two-stream approximation for a plane-parallel gray atmosphere, the ratio of the emergent intensity at angle θ relative to local surface normal is given by the well-known relation (e.g., Mihalas 1978) (7) The final integrated passband flux is the sum of the limbdarkened contributions from all populated sight tubes.
RESULTS
We first review the earlier 25 000-particle model from Simpson L· Wood (1997) to lay the framework for interpreting our new results. Ten sequential top-view projections at increments of 0.1 orbital period are shown in Fig. 1 . These panels were chosen to place phase zero of the superhump cycle near frame 1. The snapshots are arranged clockwise around the edges of the figure, with the energy production curve located in the center. There were 200 raw data points per orbit for the energy production which were summed to 50 data points and then boxcar-smoothed over ±10 time bins.
log Scaled = C log(T sim ) + J, There are five points of interest in this panel plot. First, the relative positions of M2, the mass-transfer stream, and the disk vary considerably over one superhump period. Second, there is a strong correlation between the disk asymmetry and energy production. As the disk profile changes from nearly circular to elongated and back again, the energy production sharply climbs from minimum to maximum then more slowly declines back to minimum. Physically this is quite reasonable: as the disk is pulled into it's most irregular shape, a larger fraction of the particles are on strongly convergent trajectories and the viscous energy production increases correspondingly; as the disk then relaxes back to being nearly circular, the convergence of the trajectories is minimized and thus the viscous energy production is too. Third, the semi-major axis of the best-fit ellipse at the time of peak energy production is approximately perpendicular to the instantaneous line of centers between the stars; this feature also precesses in the inertial frame.
The final two points are the motivation for calculating aspectdependent pseudo-lightcurves. Close inspection of Fig. 1 reveals the m = 2 (double-armed) spiral density waves advance by about 3π radians (π radians in the co-rotating frame) over the time interval spanned by these snapshots, which is slightly less than one superhump period. Consequently, for inclination angles 45°, we reasonably expect the pseudo-lightcurves to be quite similar to the "bolometric" pseudo-lightcurves presented in i.e., the advancement of the density waves should have no direct effect on the lightcurve because both the arm and inter-arm regions are always visible. However, at higher inclination angles 45°^
90°, a fixed observer should increasingly see flux originating from the advancing spiral arms with a period of Ps/3. Further, the m = 1 asymmetry of the disk shape (e.g., when averaged over Ps) should also contribute to the complexity of the amplitude spectrum when the run is short compared to the disk precession period. Fig. 2 shows the raw V passband pseudo-lightcurves at six inclination angles spanning 0° to 90°. It is clear by casual inspection that our general prediction that the lightcurves of high-inclination systems should show greater harmonic content is realized in this 20-orbit simulation. Fig. 3 shows the amplitude spectra of these lightcurves. As expected, the curves for 0° and 30° are strongly dominated by the superhump period. The curves and amplitude spectra for larger inclinations increase in complexity, with several oscillations per orbit as well as a much slower modulation over the entire data set. In particular, the data for i = 85°, 90° clearly show that, as expected, the brightness varies about three times per superhump period, with one of these variations generally much stronger than the other two.
Our results suggest that inclination vs. superhump amplitude and inclination vs. harmonic complexity relations should exist; however, Warner (1995a) reports that the superhump amplitudes do not appear to be a function of inclination. It is possible that if we flattened the radial temperature profile even further, the lightcurve amplitude would be a weaker function of inclination. We are confident, however, that our primary conclusion -that harmonic complexity increases with inclination -will be confirmed by observations. The periods corresponding to the frequency peaks in Fig. 3 are summarized in Table 1 . The quoted errors correspond to the average half-width of the frequency peaks at half-maximum. We note that the experimental superhump period from the Fourier transform of the "bolometric" energy production data for the 10000 particle model is Ps.exp = 1364.27 ± 32.64 s and compares very well with the theoretical value Ps.th = 1363.72 s which is derived from the assumption that the superhump frequency is the difference between the orbital and disk-precession frequencies of a disk which has been frequency (mHz) Fig. 3 . The amplitude spectra from the flattened raw data. The fractional changes in the magnitude data were converted to fractional intensities, flattened by subtracting the corresponding curves smoothed with a wide boxcar filter (±2Ps,exp) and then Fourier transformed. excited at the 3:1 corotational resonance (equations 3.40 and 3.41b, Warner 1995a).
As discussed above, the spectra for ι = 0° and 30° are dominated by the superhump frequency. The dominant peak for ι -60° also occurs at the superhump frequency, but there are higher frequencies that do not correspond to the superhump harmonics, instead appearing to be linear combination frequencies of the orbital and superhump frequencies. The greater contrast between maximum and minimum integrated flux for high-inclination disks yields larger amplitudes. The spectra for both ι = 75° and 85° are very similar to each other with dominant peaks at 448.93 s and two large peaks at smaller frequencies as well as one or two smaller peaks at higher frequencies. Finally, the spectrum for i = 90° is the most complex with six significant peaks, the largest occurring at 672.27 s. 
CONCLUSIONS
We have presented pseudo-lightcurves calculated from an SPH model of the SU UMa superhump disk oscillations, the results of which also apply to all but one of the AM CVn stars. In this work, we show that a simple ray-tracing technique can yield estimated lightcurves as a function of system inclination, where we use scaled temperatures and UBVRI filter responses to estimate the light curves as a function of passband.
The results presented here are our "proof of concept." Although our method for calculating these pseudo-light curves is quite simple, the pulse shapes do at least resemble lightcurves from actual SU UMa stars. Our most important result is that we expect the harmonic complexity of the observed amplitude spectra of SU UMa stars to increase with system inclination, and that higher harmonics should appear as linear combination frequencies of the superhump and orbital frequencies.
In a future publication, we will calculate and analyze simulation runs extending 5-10 precession periods (150-300 orbits) and explore in more detail the harmonic structure of the disks as functions of mass ratio, inclination and details of the ray-tracing method. Our ultimate goal is to produce an atlas of simulation lightcurves which may be useful in placing constraints on the system parameters of individual SU UMa and AM CVn stars.
